Abstract: Carrier dynamics in graphene films on CaF 2 have been measured in the mid infrared region by femtosecond pump-probe spectroscopy. The relaxation kinetics shows two decay times. The fast time component is ~0.2 ps, which is attributed to the mixture of initial few ultrafast intraband and interband decay channels. The slow component is ~1.5 ps, which is primarily assigned to optical phonon-acoustic phonon scattering. The contribution of fast component exhibits an increase trend in the probe photon frequencies from 2600 to 3100 cm −1 . At the probe frequency of 2700 cm −1 , the accelerated carrier relaxation was detected, which resulted from the interband triple-resonance electron-phonon scattering in graphene. At the probe frequency of 3175 cm −1 , a clear instant negative differential transmission signal was observed, which is due to stimulated two-phonon emission involved with G phonons in graphene. This result indicates that graphene can be used as a source of coherent ultrashort sound-wave emission. 
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Introduction
Graphene, two-dimensional carbon, has aroused great attention from both scientific and industrial communities. Their unique properties [1, 2] and promising applications [2] strongly rely on the electronic structure with a linear dispersion around Dirac point [3] . In particular, investigation of carrier dynamics in graphene is very important for testing the concepts of fundamental physics and understanding electron-electron (e-e) and electron-phonon (e-p) scattering processes in two-dimensional materials. Nowadays, graphene-based electronic devices have shown many promising applications, however, origins of some electron transport behaviors in these devices are still controversial [2, 4] . To clarify these electron properties, it is necessary to understand the carrier scattering processes in the low-energy regions near Dirac point. Theoretically, the energy dependences of carrier dynamics have been predicted by considering various possible relaxation channels [5] [6] [7] [8] . On the other hand, ultrafast laser [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] and angle-resolved photoemission spectroscopic studies [29-32] on graphene films have experimentally provided a great deal of information of carrier dynamics. Especially, ultrafast pump-probe technique has been extensively used to study carrier dynamics, i.e. the real-time quasiparticle relaxation, by adjusting the time delay between pump and probe pulses. Previously, most ultrafast pump-probe studies on carrier dynamics in graphene films have been reported in the visible [9] [10] [11] [12] [13] [14] , near infrared (NIR: 0.75-3 μm) [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] ). The carrier relaxation exhibits biexponential decay. One is the superposition of several ultrafast decay channels. The other is mainly caused by optical phonon-acoustic phonon (op-ap) scattering. The frequency-dependent carrier relaxation was examined. For the first time, anomalous carrier decay processes were observed at the probe frequencies of 2700 cm −1 and 3175 cm −1
. Their possible origins are discussed by analyzing the related optical phonons. Figure 1 shows typical transmission and Raman spectra of graphene films on CaF 2 wafer. Previous studies [33] indicate that the opacity of graphene films is quantized and the value is 2.3% for monolayer graphene. In our case, the transmittance of the graphene films at 600 nm is about 70% as shown in Fig. 1(a) ; the estimated number of graphene layers is ~15. Furthermore, the transmission spectrum was also measured in the range from NIR to MIR ( Fig. 1(b) ). All over the range between 1200 and 7500 cm −1 , transmission is about 70-75%. Weak IR absorption bands are assigned to -C = C-(~1540 and ~1640 cm −1 ), CH 2 (~2861 and ~2925 cm −1 ) and C-H (~3298 cm −1 ) vibrations. These vibrational modes are probably from the defect and/or edge sites in stacked graphene films. In the following transient pump-probe measurements, probe frequencies were selected (as denoted by the black arrows) in order not to match above vibrational modes. For Raman measurements, sixty Raman spectra were collected from the different regions of graphene films on CaF 2 substrate (Figs. 1(c) and 1(d)): peak positions of G and Gʹ bands are located at 1584 ± 1 and 2690 ± 2 cm −1 , respectively. The corresponding FWHMs of G and Gʹ bands are 20 ± 2 and 41 ± 3 cm −1 , respectively. It is well known that Raman spectra are sensitive to the electronic structure [34, 35] . The Raman features of this sample are close to that of monolayer graphene rather than those from Bernal stacked graphene multilayers [36, 37] . Therefore, most intrinsic properties of monolayer graphene were expected to be preserved in the used graphene films. :ΔT = T with pump -T without pump . The positive decay curve was well fitted by two exponential functions convoluted with the instrument response function. The fast and slow components are ~0.2 and ~1.0 ps with the fractional amplitudes of 64% and 36%, respectively. Due to the symmetric linear energy dispersion, the probed electron energy level at 0.124 eV above Dirac energy is half of the probe phonon energy [3, 4] , which is less than the energy of either zone-boundary/edge optical phonon (~0.167 eV) around K (K′) point or zone-center optical phonon (~0.196 eV) around Γ point [34] [35] [36] . Thus, the intraband optical phonon emission, the dominant energy relaxation process for the visible photon probe regions [9] [10] [11] [12] [13] , can be excluded for the observed decay. Here, the fast decay is assigned to the mixture of initial few ultrafast intraband and interband scattering mechanisms [8, 29, [38] [39] [40] [41] [42] [43] [44] , which include the intraband e-e scattering and interband electron-optical phonon (e-op) scattering and may involve electron-plasmon scattering [8, 29, [42] [43] [44] , interband Auger recombination and impact ionization [38, 39, 41, 43] .
Results and discussion
The slow component of 1 ps was attributed to op-ap scattering and this time scale agrees well with optical phonon lifetimes in previous reports [13, 15, 16, [18] [19] [20] 45] . The very slow electron-acoustic phonon scattering (e-ac) was not observed in our room temperature measurements. The result is consistent with the recent studies [25, 28] , where the long decay times of tens to hundreds of ps were substrate temperature dependent and only observed in the low temperature pump-probe measurements. Moreover, the theoretical calculations [46] of temperature dependent carrier relaxation support current observation, where the e-op (or e-ac) scattering becomes dominant when the electron temperature is more (or less) than 200-300 K. In addition, this measurement indicates that the Fermi level of the sample is within ± 0.124 eV referring to the Dirac energy. If the sample is strongly electron/hole doped and the Fermi level is higher (lower) than + 0.124 eV (−0.124 eV), the induced transmission (ΔT/T) is expected to be 0 as the photon absorption is suppressed due to the Pauli blocking in the conduction band (CB)/the poor electron concentration in the valance band (VB). Figure 3(a) shows the ΔT/T spectra at four MIR probe frequencies obtained by the nondegenerate 800 nm pump/MIR probe configuration. It is clear that the carrier relaxation becomes slower at low probe frequencies in the range between 2600 and 3100 cm −1 . Performing biexponential fit of the decay curves, the lifetimes and fractional amplitudes versus the electron energy and/or the probe phonon frequency were obtained ( Fig. 3(b) ). Two time scales were extracted as above: ultrafast processes are 0.2 ± 0.1 ps and the slower ones of 1.5 ± 0.2 ps. The fractional amplitude of the fast/slow component increases/decreases versus the electron energy (half of the probe photon energy). Besides, for the probe photon frequency at 2600 cm −1 , the origin of the fast decay is similar to that in Fig. 2 . For the other three frequencies, intraband zone-boundary optical phonon emission is allowed, which partially contributes to the ultrafast decay, in contrast to ν = 2000 cm −1 , where interband zoneboundary optical phonon emission takes place. Previously, decay of 4 ps for exfoliated bilayer graphene was reported at the probe energy of 0.3 eV [24], which is slightly larger than our results on stacked graphene layers. The difference is attributed to the energy band splitting in bilayer graphene, which slows down the carrier relaxation [47] . Figure 4(a) presents the carrier dynamics measured at λ exc = 800 nm and probed at λ pr = 3.7 μm (ν = 2700 cm −1 ). This probe frequency corresponds to the Gʹ band as shown in Fig.  4(b) . Figure 4(c) shows the typical double resonance Raman scattering of G′. The fast decay τ 1 is shorter than those probed at both sides (2600 and 2800 cm −1 ) (Fig. 3(a) ), and its contribution to ΔT/T is also larger. In other words, the carrier relaxation at this frequency is faster than those at neighboring frequencies. Different from the conventional intervalley e-op scattering [35, 39, 43] (Fig. 4(d) ), the accelerated decay was attributed to the enhanced zoneboundary optical phonon emission (Gʹ band) due to intervalley triply resonant e-op scattering (Fig. 4(e) ). Note that the Gʹ band extensively investigated in previous studies [34, 35, 48] is normally caused by doubly resonant (DR) Raman scattering related to two real electronic states, I and II, as shown in Fig. 4(c) . In our case, the formation of the triply resonant (TR) scattering is due to a new electronic state (III) involved at this specified probe frequency, where the second phonon emission process is additionally resonant with this state III. Some studies show that the possible triply resonant processes of Gʹ band in graphene [49] and of D band in singlewall carbon nanotubes [50] are much intense than conventional doubly resonant scattering. The energy dissipation of excited electrons in graphene is mainly due to e-op scattering as discussed above. Therefore, it is expected that the stronger triply resonant e-op scattering will accelerate the relaxation of excited electrons at 2700 cm −1 . Indeed, the faster carrier relaxation (τ = 0.14 ps; A = 74%) by e-op scattering was observed in Fig. 4(a) than those (τ = 0.2-0.3 ps; A ≈50%) at nearby probe frequencies (at 2600 and 2800 cm −1 in Fig. 3 ). Furthermore, it should be mentioned that the triply resonant scattering requires existence of some electronic states around Dirac point. In other words, the density of states around Dirac point should not be zero, as predicted for the ideal graphene [3, 51] . Indeed, previous electronic transport studies [52] [53] [54] have clearly demonstrated that the carrier densities for graphene are not zero due to various reasons, such as disorders, charge impurity doping, inhomogeneous carrier distribution, etc. Meanwhile, by considering the inevitable disorder in graphene and stacked graphene films, the theoretical calculations also show that there is density of states around Dirac point [51, 55, 56] . Therefore, the proposed triply resonant scattering is valid in view of non-zero electronic states near Dirac point. Figure 5 (a) shows the carrier dynamics measured at 800 nm pump/3.15 μm probe (ν = 3175 cm −1 ). After photoexcitation, a strong negative ΔT/T, i.e. induced absorption, appears instantaneously and immediately turns into a positive ΔT/T. In the following, the positive signal shows two time domains similar to the decay processes at other frequencies ( Fig. 3(a) ). For the curve fitting, three exponential functions were used with a convoluted instrument response function as shown in Fig. 5(a) . It is worth noting that the fitting parameter τ 0 = 30 fs (smaller than our time resolution of 100 fs) is indicative of an ultrafast process. In other words, it is an instantaneous process which starts from the pump/probe early stage. Moreover, it is noted that the probe phonon frequency is approximately twice of that for G phonon (Fig.  5(b) ). The typical electronic relaxation by G phonons shown in Fig. 3(c) is an intravalley intraband scattering. By examining the ΔT/T response in time scale and the phonon-related frequency, the ultrafast negative ΔT/T signal was attributed to a stimulated two-phonon emission process by resonant e-op scattering. Note that the sign flip of the signal in our case occurs instantaneously. Moreover, it is only observed at the specific probe frequency which is related to optical phonons. It is different from the previous studies [13, 14, 21, 57] , where the sign flip occurs after the decay of the transient differential transmission signal, i.e. 0.3-2 ps after photoexcitation. It could be caused by shrinkage of band separation [13] , band structure renormalization [14] or residue materials [57] .
At high intensities of the incident radiation, the pump photons excite large number of electrons from the VB (E puv ) to the CB (E puv ) (Fig. 5(d) ). Initial stage of relaxation results in generating of considerable amount of optical phonons. Meanwhile, another intense MIR probe beam produces population inversion of electrons and holes at the probe excited levels E prc and E prv , in CB and VB, respectively. Emitted G phonons (in pairs) stimulate electronic transitions from E prc to E prv when ν pr = c/λ pr of the probe beam equals to 3175cm −1 , i.e. corresponds to second order of G phonons. We produce population inversion and, as a result, achieve amplification via stimulated emission of phonons. Correspondingly, the band filling effect caused by the intense probe beam weakens at E prc and E prv . In the kinetic curve ( Fig. 5(a) ) it leads to increase of absorption (negative change of transparency) promptly after the excitation pulse. When the electron population relaxes to the E prc level, stimulated resonant two-phonon emission is suppressed as shown in Fig. 5(e) . Electronic transitions are strongly restricted due to the Pauli blocking between E prc and E prv levels. After this, the ΔT/T signal becomes positive, which indicates the induced transmission (bleaching). Subsequently, the decay shows similar behavior as those in Fig. 3(a) . Besides, Saito et al. [35] have also theoretically predicted a two-phonon Raman process with a phonon frequency of 3170 cm −1 after photoexcitation, which is consistent with our observation. Stimulated phonon emission has also been observed in Ruby [58] [59] [60] [61] and few other materials [62] [63] [64] [65] . Recently, the possibility of population inversion in photoexcited graphene was theoretically confirmed by performing microscopic calculations [66] . Population inversion in graphene under femtosecond excitation was also produced by Li et al [67] by observing stimulated emission in NIR. Our observations of stimulated phonon emission in graphene may lead to promising applications, e.g., a stimulated phonon source, saser [61] or phonon laser [62] .
Methods
Monolayer graphene was grown on 25 μm thick copper foil (Purity 99.999%, Alfa Aesar) at 1000 °C by low-pressure chemical vapor deposition (CVD). After that, the graphene films on a 2 mm thick CaF 2 wafer were formed by transferring and stacking monolayer graphene films layer by layer. The details of graphene growth and transfer processes have been described in previous studies [13, 47] . To collect strong differential transmission (ΔT/T) signals during the following pump-probe measurements, stacked graphene films were used here, rather than monolayer graphene.
Steady state transmission spectra were taken by a UV-Vis spectrophotometer (Cary 100Bio, Varian) and a Fourier transform IR spectrometer (Bruker Optics) with a mercury cadmium telluride (MCT) detector. A micro-Raman system (Reinshaw inVia) with a 532 nm excitation laser was used for measuring the Raman spectra. For the pump-probe measurements, a titanium-sapphire laser system (Coherent, Legend) was used as a pulse laser source: wavelength 800 nm, pulse width 150 fs, pulse repetition rate 1 kHz, and average power 1 W. The output of this system was used to pump an optical parametric amplifier (type II OPA; 4 mm β-BaB 2 O 4 ). The resultant signal at about 1.2 μm and idler pulses at about 2 μm are utilized to generate 1 kHz tunable MIR pulses via different frequency mixing process in a 2 mm AgGaS 2 crystal. The degenerate MIR pump-probe experimental configuration at 2000 cm −1 has been described in a previous report in detail [68] . For the non-degenerate pumpprobe setup, the 800 nm laser pulses (pulse energy, ~2 μJ) from the titanium-sapphire laser system are directly used as the pump beam and the intense MIR laser pulses (pulse energy, 1 -2 μJ) at six frequencies (2600, 2700, 2800, 3000, 3100 and 3175 cm ) were selected as probe beams, respectively. The pump fluence is ~100 mJ/cm 2 and the excited carrier density is ~10 17 /cm 2 . The pulse widths of pump and probe are 150 and 230 fs, respectively. The crosscorrelation functions in the MIR probe region are 280 ± 50 fs. The experimental data were fitted to a decay function convoluted with the cross-correlation function [13, 69] . The overall time resolution of the experimental setup was 100 fs.
Conclusion
Ultrafast pump/MIR probe measurements of carrier dynamics have been studied in graphene films on CaF 2 . Two decay processes were observed. The fast component is ~0.2 ps, which is attributed to the mixture of initial few ultrafast decay channels including interband and/or intraband e-op scattering, plasmon scattering, Auger scattering and impact ionization. The slow component is ~1.5 ps, which is substantially assigned to op-ap scattering. Furthermore, the frequency-dependent carrier relaxation was found, where the contribution of fast component was enhanced with the increase of the frequency of the MIR probe beam. At the probe frequency of 2700 cm −1 , the accelerated carrier relaxation was detected in the differential transmission kinetic curve, which resulted from the interband intervalley triple resonance e-op scattering in graphene. More interestingly, at the probe frequency of 3175cm −1 , an instant negative differential transmission was observed in the decay kinetics. This signal reflects a stimulated resonant two phonon emission process involved with zonecenter G phonons in graphene. Our finding indicates an important potential application of graphene as a source of coherent ultrafast sound-wave emission.
